Continuous flow assistance is often used to support the right ventricular failure. Computer simulation is one of the methods to study the effect of axial flow pump when it assists the failing ventricle. The purpose of this study was to evaluate the effect of this support on some haemodynamic variables, when different right ventricular elastance and pump speed values were applied. A computer model of the complete system, including the cardiovascular system and the rotary blood pump (Hemopump) was used. Lumped parameter models were used to reproduce the circulatory phenomena in terms of pressure and volume relationships. The model chosen to reproduce the Starling's law of the heart for each ventricle is based on the variable elastance model. Hemopump model aspirated blood from the right ventricle and ejected it into the pulmonary artery. Our simulation showed that Hemopump produces a rise in total flow, a drop in blood flow pumped out by the right ventricle and a drop in right atrial pressure.
Introduction
Right ventricular infarction in patients with inferior wall myocardial infarctions produces right ventricular failure (RVF) decreasing contractility and increasing right ventricular filling pressures. When pharmacological treatment is insufficient, mechanical circulatory assistance (based on a rotary blood pump [1] ) has been used to support the failing right ventricle. Computer modelling and simulation is one of the methods to investigate and evaluate the effect of axial flow pump (Hemopump HP31 in this case) to support the failing right ventricle. For these reasons we improved our computer model of the cardiovascular system [2, 3, 4] , with a Hemopump model [5, 6] . The pump takes blood from the right ventricle and ejects it into the pulmonary artery. In the model it is possible to change the rotational speed of the pump. The aim of our work was to study, by numerical simulation, the effect on some haemodynamic parameters (as the total blood flow -Hemopump flow plus right ventricular output flow, the blood flow pumped out by the right ventricle, the right preload and the pulmonary arterial pressure) produced by the right ventricular elastance variations when different speeds of the pump were applied.
Methods
For our study we used a modular numerical model of the cardiovascular system (CARDIOSIM © ) [2, 3] , developed and tuned with data obtained from the literature. It can be assembled in different ways. We improved this model with Hemopump model described in detail elsewhere [4, 5, 6] . The pump aspirated blood from the right ventricle and ejected it into the pulmonary artery as a right ventricular assist device. Figure 1 shows the electric analogue of the complete system, including the cardiovascular system and the rotary blood pump, used to perform our work. Parameters and variables used in the model are presented in Table 1 . The cardiovascular system is divided into several parts: the left and right hearts, systemic arterial section, the splanchnic, extrasplanchnic peripheral and venous section, peripheral and venous circulation in active muscle section, the systemic thoracic veins, the pulmonary arterial, peripheral and venous sections and the coronary section. For each ventricle the Starling's law of the heart was reproduced by variable elastance model modified according to Suga's studies [7] . In order to describe the left and right ventricular contraction and ejection phase we used the following equation: 
In equation (2) the constants A, B, k and j can be set independently and modify the shape and the position of the filling characteristics. The connection of each ventricle to the circulatory network is realised by means of a valve, which is assumed to be ideal: i.e. when it is open -the flow through it is proportional to the pressure drop and there is no flow when it is closed. Left (right) atrium is very simple and reproduces only the passive phase; its value is taken from literature [9] . Systemic arterial, splanchnic peripheral (venous), extrasplanchnic peripheral (venous), peripheral (venous) circulation in active muscle and systemic thoracic veins sections were described by simple and modified windkessel models [10, 11] . Pulmonary arterial peripheral and venous sections are described in detail in literature [4, 12] . Pt represents the mean intrathoracic pressure. The natural coronary circulation is composed of two main arterial beds perfusing left and right ventricles; in the model it is represented by a single arterial and a single venous path [4, 13] . In Fig. 1 the rotary blood pump (Hemopump) model is connected to the circulation model in such a way that it aspirates blood from inside the right ventricle and expels the blood into the pulmonary arterial section. The electric analogue of the Hemopump HP31 was presented in our previous studies [4] and in literature [5, 6] . The continuous flow produced by the right ventricular assist device (RVAD) depends on the rotational speed of the pump. It is possible to choose between seven rotational speeds. The rotational speed of the RVAD was changed in steps and was assumed to be constant during each step. The total flow increases when the speed of the pump increases. However, this effect is more visible for low values of right ventricular elastance. In particular, for Ev RIGHT =0.2 mmHg·cm -3 the total flow increases of about 11% when the pump speed changing from 17000 to 23000 rpm. The rise of total flow drops to 5% only for higher values of Ev RIGHT Analysing Figs. 2 and 3 it was possible to observe that the Hemopump blood flow increased with the pump speed and this effect was independently by the right ventricular elastance value. Figure 4 shows the effects of the right ventricular assist device on preload (Pra) in correspondence of different The right ventricular assistance produced rise in the right afterload (Pap) (see Fig. 5 ). In Fig. 5 it is possible to observe that the augmentation in mean pulmonary arterial pressure was more evident when the pump speed increased from 17000 to 23000 rpm. Also when right ventricular elastance changed from 0.2 to 0.4 mmHg·cm -3 the mean pulmonary arterial pressure value increased. The presented results, according to the literature, show that in correspondence of high rotational speed of Hemopump a particular attention must been reserved to right ventricular output flow and mean pulmonary arterial pressure. In fact for high pump speed the volume of the right ventricle approached zero and consequently the right ventricular output flow was null. This effect described in literature [14] should be avoided. To prevent this problem, during in vivo experiments, right ventricular wall motion and stroke volume must be monitored. Also mean pulmonary arterial pressure must be monitored, during in vivo experiments, when the right ventricular assistance is applied. Our results, in fact, according with data obtained from literature, showed that the pump produced a rise in Pap, especially when the rotational speed of Hemopump was high.
Results

Conclusion
Our simulation showed that in presence of right ventricular failure the rotary blood pump application produced different effects on the chosen haemodynamic variables. In particular a drop in right ventricular output flow and an increase in total blood flow. Also a drop in right atrial pressure was observed. A particular attention must be reserved to Qro and Pap because these two parameters are very sensitive to the rotational speed of Hemopump. The presented results suggest that the effectiveness of unloading by RVAD depend also on the right ventricular elastance. We are aware of the limitations of circulatory models. Considering the lack of in vivo data and keeping in mind the above limitations, CARDIOSIM © can be a very suitable tool to predict at least trends of the same haemodynamic variables changes as a result of a right ventricular assistance.
